ABSTRACT

SCHAAF, CECILIA RENEE Mechanisms Driving Intestinal Stem Cell Mediated Epithelial
Repair Following Severe Ischemic Injuffgnder the direction of Dr. Liara Gonzalez).

The following project was conducted in order to identify mechanisms controlling intestinal
epithelial stem cell (ISC) activity, particularly in the context of intestinal epithelial repair following
severe ischemic injury. Intestinal ischemia affects aetaof both veterinary and human patients,
resulting in mortality rates up to 80%. Such high mortality is due, in part, to epithelial barrier loss.
To mitigate further damage from luminal bacterial translocation and sepsis, rapid barrier repair is
critical. In both homeostasis and other intestinal disease states, ISCs are responsible for this barrier
renewal and repair. Previous work in the Gonzalez lab using a surgical porcine model of intestinal
ischemia demonstrated that an ISC subpopulation is preséreegh acute injury and these cells
may contribute to epithelial repair pasjury. However, the potential mechanisms that control the
ability of these cells to proliferate after severe ischemia warranted further investigation as they
could serve as pential therapeutic targets.

This project, which utilized translational, porcine models of intestinal injury, necessitated
the use of genediting to identify specific cellular mechanisms. Chapter 1 is a literature review
that focuses on the importancetioé porcine model as well as recent developments ingited
porcine intestinal disease models. While various diseases are covered in Chapter 1, a large portion
focuses specifically on intestinal ischemic injury, the ISC subpopulations, and a pathilar
mechanism that may control pesjury ISC proliferation. Chapter 1 also highlights the
development of a prospective ISC reporter porcine model, which, upon further validation, could
positively impact numerous intestinal research fields includoigrectal cancer and pesijury

barrier repair.



Chapter 2 focuses specifically on pasthemic injury ISGmediated epithelial repair in
the porcine intestinal model. Through histologic analysis, we showed that in-@afggl@wing
ischemic injury (IPI), the first signs of crypbase epithelial regeneration were present at 2 DPI.
By more detailed immunofluorescent analysis to identify ISC subsets and proliferation markers,
we showed that while HOPX+ ISCs are initially enriched at 1 DPI, by 2 DPI, HOBKSs
decrease while proliferative marker Ki67 increases within the -trgp¢ epithelium. This
increased 2 DPI proliferative activity was confirmedityitro enteroid cell culture. Given both
these results and our previous findings correlating deadd&#PX expression with increased
cellular proliferation, we questioned if silencing HOPX could act as a switch to increase crypt
base cell proliferation posschemic injury. This hypothesis was confirmed using viral
transduction of short hairpin RNA in @te ischemic injured crypts and subsequent enteroid
culture.

While the findings from Chapter 2 highlighted HOPX as a driver of epithelial recovery
after severe intestinal ischemia, more detailed, single ISC analyses was still precluded by the lack
of a porcine transgenic ISC reporter model. Chapter 3 describes a collaborative project with the
Dr. Jorge Piedrahita lab to validate the first ISC reporteripigGR5-H2B-GFP. Through
histology, cell culture, gene expression, and fluoresicesitu hybridizaton, we confirmed that
LGR5-H2B-GFP' cells are active ISCs. Furthermore, we showed the utility of this new model for
colorectal cancer studies by replicating a key tumor driver gene mutation in-HZB&FP
colonoids.

Future work using this transgenicgpin studies of IS@nediated repair posschemic
injury are needed. These studies would further investigate additional signaling mechanisms driving

the ISC response. Such work is outlined in Appendix A, an NIH grant proposal. This proposal



hypothesizes tit cytokine signals from neighboring intestinatdll populations are modulating
the ISC proliferative response. Determination of these signals will help to identify future

therapeutic targets to accelerate barrier repair and ultimately reduce pafenmguf
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CHAPTER 1

USE OF TRANSLATIONAL, GENETICALLY MODIFIED
PORCINE MODELS TO ULTIMATELY IMPROVE
INTESTINAL DISEASE TREATMENT



ABSTRACT

For both human and veterinary patients,-imdactious intestinal disease is a major cause
of morbidity and mortality. To improvedatment of intestinal disease, large animal models are
increasingly recognized as critical tools to translate the basic science discoveries made in rodent
models into clinical application. Large animal intestinal models, particularly porcine, more closely
resemble human anatomy, physiology, and disease pathogenesis; these features make them critical
to the preclinical study of intestinal disease treatments. Previously, large animal model use has
been somewhat precluded by the lack of genetically altengpk lanimals to mechanistically
investigate nofinfectious intestinal diseases such as colorectal cancer, cystic fibrosis, and
ischemiareperfusion injury. However, recent advances and increased availability of gene editing
technologies has led to both mbwse of large animal models in clinically relevant intestinal
disease research and improved testing of potential therapeutics for these diseases.

INTRODUCTION

Gastrointestinal disease accounts for over 3.0 million hospitalizations and over $135.9
billion in health care expenditures per ygat.To lessen this incredible burden to patients and our
healthcare system, animal models play a critical role in discovery of intestinal diséaggpasis
and therapeutic innovation. For successful clinical translation, it is critical that animal models are
properly validated. The criteria used to validate an animal model include certifying similarity in
biology and clinical presentation betweendaband human disease (face validity), confirming
that clinical interventions produce similar effects (predictive ability), and demonstrating that the
target under investigation has a similar role in the model compared to human clinical disease
(target vadity). [2] Of intestnal disease animal models, rodents are historically preferred for use

due to their low cost and maintenance, rapid reproduction, and readily availablespelfic



reagents. However, it is now widely recognized that rodents do not fully mimic huneaselis
physiology, immunology, or drug metabolism, thus limiting their use aslimieal models for

disease treatmerB-7] For example, despite promising grnical murine anticancer therapeutic

studies, success rate of these therapeutics in human clinical trial is only aroud, B%o.
Furthermore, the small size of rodents makes it difficult to model and advance surgical and
endoscopic techniques. The differences between rodents and humans have left gaps in both basic
science research and grinical model development for intestinakdases.

To better represent both human physiology and disease, and aid in the discovery of new
treatments, porcine models are gaining popularity. With similar genome, size and architecture of
the intestine, omnivorous diet, microbiome, immunology, and physiolodyinans, pigs are
increasingly the preferred model of enteric diseases (Tall& 6).916] The large size of the pig
allows for multiple, longitudinal sampling from the same individual. Their large litter size of
around 12 piglets allows for ease of gender and sibling matching. These attributes réldduce bo
experimental variation as well as overall animal use. Additionally, for toxicology and drug
discovery testing, pigs have oral and parenteral dosing rates similar to humans as well as similar

responses to a variety of drug clas§&s]



Table 1. Summary of comparisons between human and porcine intestinal physiology and
anatomy as vell as advantages and disadvantages of porcine models.

: : L Porcine Intestine Differences from
Porcine Intestine Similarities to Human
Human
1 Intestinal length 1 Presence of spiral colon
1 Omnivorous diet 1 Inverted lymph node structure
9 Microbiome 9 Distribution and frequency ¢
1 Immune response resembles human in § intestinal lymphocyte
of analyzed parameters (comparted less populations
than 10% in mice) T Continuous il e
1 High genome homology
Porcine Model Advantages Porcine Model Disadvantages
1 Husbandry well understood 1 Necessitate large, specializ
1 Outbred breeds better mimic variati housing facilities
between human individuals 1 More expensive than mice
1 Large litters for gender/sibling matching 1 Not as many speciespecific
1 Large animal size allows for improvin reagents as mice
surgical/endoscopy techniques using hurn
equipment fordiseases like Cystic Fibros
and colorectal cancer
1 Longer lifespan permits longitudinal studi
71 Oral/lparenteral dosing and responses
many drug classes similar to humans
1 More accepted on ethical basis compare
northuman primates or other large animal
1 Numerousin vitro applications such a
advanced 3D organoid cultures

Grossly, both human and porcine adult intestine are at a ratio of 0.1 length per kilogram of
body weight[18] The anatomy of the small intestine is similar between pig and human, though
the large intestine varies slightly in the pig due to adaigecum, lack of appendix, and the
presence of the spiral colon (Figure [B). Microscopically, for both species, the small and large
intestine are comprised of a single layer of epithelial cells, interspersed witkepittnalial
lymphocytes, to serve as a barrier between luminal contents and systemic circulation. The single

layer epihelium covers villus projections (present only in small intestine) and extends down into

4



the crypts of Lieberkuhn. Located at the crppse are the intestinal epithelial stem cells (ISCs),
which are responsible for renewing the epithelial cell populatong continuous-3 day cycle.
[9, 1921] In the human, the ISCs are interspersed with Paneth cells, a specialized secretory cell
type that both supports ISC function and releases antimicrobial factors into the intestinal lumen.
[22, 23]While a similar cell population expressing the same biomarkers and intracellular structures
has been identified in the pig, the porcine Paneth cell hdas petfully defined[24, 25]

Beneath the epithelial barrier is the lamina propriagantment. While the lamina propria
is made up of a mix of structural elements including blood and lymph vessels, connective tissue,
and mesenchymal cells, immuoells constitute a major population, including dendritic cells and
lymphocytes. These immunelts are responsible for discriminating between harmless luminal
antigens and potential enteropathog¢26-28] Some differences exist between the immunologic
organization between human and pig intestine such as the distribution and frequency of lamina
propria and intraepithelial lymphocyte populations, the inverted structure of porcine peripheral and
gutassociatd | ymph nodes, and the aggregated | ympho
one long continuous band in the porcine ile{ib®, 28, 29]However, despite these differences,
pigs are still recognized as useful models in several enteric immunologic studies including
infectious disease, oral vaccination, smadlwel transplantation, food hypersensitivity, and
immune developmenfl4, 15, 3633]

With these similarities in both physiology and architecture between human and porcine
intestine (Table 1), porcine models of various intestinal injuries ssdschemiaeperfusion
injury, intestinal transplantation, short gut syndrome, and necrotizing enterocolitis have progressed
the field of gastroenterologf81, 3438] Furthermorein vitro advancements continue to broaden

the utility of porcine enteric disease models. These advancements include an increase in porcine



specific reagents and the use of primary intestinal epitheliatwéure in 2D monolayers,

organoid culture, and eculture with microbes and lamif@opria derived cells to better
understand intestinal barrier functigd.l, 12, 25, 34, 35, 39, 40However, for more mechanistic
studies and to better understand human genetic diseases in the wide array of intestinal maladies,
advancements in porcine geadited models are needed. Fortunately, enhanced strategies to edit
the porcie genome and develop transgenic models, as well as approaches to genetically modify
porcinederived intestinal organoids, have increased the availability elprieal modeling for

Cystic Fibrosis (CF), colorectal cancer (CRC), and ischeaparfusion mjury (Table 2). This

review summarizes the current use ofgliaical, gene edited porcine intestinal disease and injury

models and evaluates future additional needs to ultimately improve treatment of intestinal disease.



Table 2. Summary of findings from geneedited porcine models of norinfectious intestinal
disease.

GeneEdited

Porcine Model Key Findings for Intestinal Disease Sources

Cystic Fibrosis

CFTR" Intestinal gene editing to correct cys [41]
fibrosis transmembrane  conductan
regulator (CFTR) expression alleviat
Cystic Fibrosis induced obstructions

Colorectal Cancer

APCH31t Adenomatous polyposis coli APC) [42]
mutation model reproduces colonic a
rectal polyps as seen irfamilial
adenomatous polyposis (FAP)

Identification of gene expression, mier [43-46]
RNAs associated with FAP

Development of nanoparticles to impro [47, 48]
endoscopic identification of dysplast
lesions and adenomas

TP53167H Porcine TP53 isoforms expressed simile [49, 50]
to humans; TP53 variants andrcular
RNA overexpressed in colon

KRAS?2PTP5F6H  Crerecombinase inducibleTP53 and [51]
Kirsten rat sarcoma viral oncogel
homolog KRAS mutation model leads t
intestinal carcinoma development

IschemiaReperfusion Injury

EnteroidCulture In vitro geneediting of ischemic injurec [35]
intestinal epithelium identifies cellule
mechanisms of repair

Future Directions: Stem Cell Reporter

LGR5H2B-GFP In vivo and in vitro tracking of LGRS [52]
intestinal stem cells, further mod
validation necessary




Gene Therapy in Porcine Cystic Fibrosis Models to Alleviate Intestinal Obstruction

Cystic Fibrosis (CF) is a lifthreatening disease due to various mutations in the CF
transmembrane conductance regula@¥TR gene[53] This critical gene encodes for an anion
channel widely expressed in epithelium including lung, pancreas, kidney, and intestine; its loss of
function inhibits chloride and bicarbonate transport across cell membranes. This leads to thick
mucoid secretions ih low pH, subsequent pathogen colonization, and dysregulated
inflammation.[53, 54] While cause of death in patients afflicted with CF is primarily due to
respiratory failure, intestinal disease also dbotes significantly to patient morbidit{s5] Up to
20% of infants with CF suffer from meconium ileus at birth, followed by distal intestinal
obstructive syndrome due to intestinal atresia, diverticulosis, and micro¢élions53] While
genetically modified murine models of CF assisted in basic understand@gTdR functions,
these mice fail to fully recreate human clinical disefis#g.These limitations in the mouse models
impeded further dicovery of disease pathogenesis and potential therapeutics.

In 2008, in an effort to develop an animal model that better represents CF clinical disease,
Rogers et al. utilized recombinant adexssociated virus (rAAV) vectors to create the fBETR
null piglets CFTR"). These piglets also demonstrated immediate clinical signs of intestinal
obstruction similar to that in human infants with ¢¥6] These clinical signs include intestinal
atresia, microcolon, and diverticulogis3] Other gene editing strategies haugce been used to
generateCFTR’ pigs including bacterial artificial chromosome vect&®] as well as rAAVS to
introduce a point mutation within tf@FTRgene,CFTRpF 5 0 8 m (b5, &8 Tihis specific
CFTRmutation is the most common &&ausing mutatin in human patienisit accounts for about
70% of CF alleles[58] Murine models with this same induced point mutation fail to develop

airway disease, pushing the need for a porcine model of this common mutation OFWhiRe



F508 porcine model s Humanpdisease intthe king srad meestirfe gheet ur e

rate of meconium ileus is 100% in the newborn pigs, in contrast to a rate of 20% in human infants.
[41] As in humans, meconium ileus requires immediate medical and/or surgical correction, which
inhibited the use of the porcine model due to cost and complexity. These factors pushed researchers
to utilize additional gene editing techniques to alleviate meconium ileus in the porcine model.
Stoltz et al. was able to correct this phenotype by induCHFER expression under the control of
intestinal fatty aciebinding protein iFABP) in CFTR’ pig fibroblasts.[41] These findings
indicated that correcting the expressionGBfTRby gene editing in the intestine is sufficient to
prevent intestinal obstruction. Further work in the porcine CF models is necessary to identify
exactly how muctCFTRfunction is required for proper intestinal function. With these findings,
novel gene thapy approaches can be developed such as somatic tissue gene editing to restore
endogenou€FTRfunction. It is critical that this research is done in a porcine model, similarly
sized to humans, so that delivery of therapeutics can be modeled using lnuipameat such as
endoscopy. The information gained from a translational porcine model of CF will lead to the
development of innovative gene therapy treatment approaches to alleviate@uCéd intestinal
obstruction.
Improved Modeling and Detection of Cdorectal Cancer in Gene Edited Pigs

As of 2020 in the US, colorectal cancer (CRC) is the second leading cause of cancer related
deaths for men and women combinfsB] For many patients, including those with precursor
familial adenomatous polyposis condition (FAP), CRC begitts germline or somatic mutations
in the tumorsuppressor, adenomatous polyposis cAP@ gene. This key driver mutation
initiates polyp formation in the colonic epithelium. Subsequent compounding epigenetic changes

and genetic mutations progresses trgenesis through the adenommarcinoma sequence, often



culminating in metastatic canc¢80] For reasons unknown, CRC incidence has recently risen for
young and middiaged adults. Furthermore, many CRC tumor subtypes exist which remain
without treatments[59] Without a doubt, the is a critical need for animal models to better
understand CRC pathogenesis and develop targeted therapies. Attempts to recreate-the polyp
adenomacarcinoma pathogenesis sequence by mutépa(Apc’™") in the mouse usually only

leads to nofinvasive,nonmetastatic neoplasia. Furthermore, this neoplasia only typically occurs

in the murine small intestine instead of the colon (Figur@t2).61-63] Moreover, the small size

of mice and critical differences in drug metabolism make these mice impractical for development
of human CRC drug therapies, progress in endoscopic imaging techniques, or improving surgical
interventions.

To overcome these bagrs and create an improved, hursmale CRC model, the first
genetargeted APC mutated pig line was developed by inserting a translational stop signal at codon
1311 APCHY, This mutation is orthologous to the germline mutations in patients with familial
adenomatous polyposis condition (FAR2] In these genetically modified pigs, colonic, and
rectal polyps and adenomas devedaph as those found in human FAP and CRC patients (Figure
1).[64] Since their development, these pigs have contributedytedhe discovery of epigenetic
modifications, dysplastic polyp premalignant progression, and the function of genes other than
APCthat contribute to the varying severity and progression of disease in patients witf8AP.

45, 65]One pivotal study by Stachowiak et al., usigC>'*pigs, was the first to rewaé that
microRNAs are associated with premalignant transformation of colon polyps and can serve as
potential useful biomarkers of disease developnjé6}.Tan et al. attempted to replicate thieC
mutation porcine model by transcription activalike effector nucleases (TALENS) introduction

of a stop signal at codon 902; however, these pigs have yet to develop CRC phéddfype.
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In addition to theAPC'3'line, othe mutated tumor suppressor gene porcine models are
now available to study tumorigenesis. One such group carries a latesntttVeged tumor protein
p53gene TP53 mutated alleleTP53%!%"H). [49] This mutation is orthologous to the oncogenic
human mutantTP53 allele that plays a role in numerous human cancers including CRC.
Previously, studies using t#ePC*pigs reported that in severe casépolyposis, there is an
increase in expression of polymorpfiP53.[44] A more recent study using tAd5316"H pig
demonstrated that these pigs expfERS3isoforms in a more similar manner to humans, further
underscoring the benefits of porcine cancer models compared to murinEP%&e¢"" porcine
model showed thatP53variants and circular RNA are overexpressed in the colon, indicating
likely oncogenicfunction.[50] These findings highlight the important role of porcine oncogenic
models to improve our understanding of the genetic and epigenetic changes that contribute to CRC
pathogenesis. Further devptoents on thdP53!¢’" model include the addition of inducible
Kirsten rat sarcoma viral oncogene homold®RAS mutation.[51, 67]MutatedKRASIs present
in over 25% of human tumors, including CRC, and is one of the more commonly activated
oncogeneg68] Schook et al. showed that these Cre recombinase indkdRASS 2P TP53R167H
transgenic pigs developed rapid and reproducible mesenchymal tumors. For miie spdy
of intestinal cancer, Callesen et al. refined the combKiRASand TP53 mutation model by
directing the control of the inducible recombination events under an intestinal epithelial specific
gene promoter, which led to development of duodenaireama. Further model establishment
studies using thERAS 2P TP5FR167Hpigs are warranted to establish carcinoma development in
the lower intestine in order to better understand CRC carcinogenesis in a translational large animal

model.
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Figure 1. Distribution of Early Intestinal Polyposis due to APC Mutation.Human and paine
(APC'*1) early adenoma/polyp distribution is similar within the colon and rectum, while murine
(Apc™™ is mostly localized to the small intestine. Adenoma/polyps shown in yellow.

While these gentargeted porcine CRC models have served an important role for cellular

mechanistic studies, they can also afford clinicians and researchers opportunities to improve

endoscopy skills for minimally invasive surgery, conduct longitudinal 8aghand monitoring
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during treatment and enhance detection systems femalignancies in a humasized animal
model. In general, porcine models have been popular for testing and advancing endoscopic
techniques, particularly for colonoscop§9-71] Early diagnostic detection of colon dysplasia and
adenomas typically relies on whilight endoscopy[72] However, due to the subtle appearance
of adenomam sity, earlystage CRC lesions are often missed, especially in patients with abnormal
colonic mucosa due to inflammatory bowel dise§é@é, 48] To improve reatime detection of
colorectal adenomas, one group developed biodegradableinfraaed fluoresent silica
nanoparticles (FSNs}48] These FSNs, administered intravascularly, permeate into cancerous
ti ssue and Omar ké a | e sassoaated@oodhandsanpaisselmare a n d
typically leaky.[48, 73]Additionally, development of these biodegradable FSNs ensured no long
term sequestration within the body, as is typical of traditional nanopar{ié8dn that study,
nanoparticle gplication was tested by administering FSNARC' ! pigs intravenously. Twenty
four hours later, colons were surveyed using #r&faared fluorescencassisted white light
endoscopy and adenomas were successfully highlighted by the EBN<Since this study,
additional work has successfully tested other probes ilB@3*! pigs to serve as CRC polyp
markers[47] This preclinical application testing made possible by &RC!pigs was critical
to develop new techniques to accurately identify clinically significant colorectal dysplasia in
human patients.
Gene Editing in Porcineln Vitro Model of IschemiaReperfusion Injury

Ischemic injury occurs when there is reduction or complete loss of blood flow to an organ.
In the intestine, ischemic events can occur due to numerous pathologic events including thrombi,
emboli, shock, cardiac insult, mechanical obstruction such as & h@rantussusception, or

necrotizing enterocolitid13] In all of these disease states, deseelblood flow to the intestine
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diminishes the oxygen supply necessary for normal aerobic cellular metabolism and ATP
production. Cells result to anaerobic metabolism which leads to decreased intracellular pH and
accumulation of hypoxanthine. Within theclemic injury period, cell damage and death via
apoptosis, autophagy, necrosis, or necroptosis quickly follgwk.

If blood flow is reestablished, such as during surgical attempts to rescue the intestine, cell
damage is compounded by reperfusion injuBxygen supplied by reperfusion leads to
hypoxanthinederived superoxide formation. Sequential superexidecced lipid membrane
peroxidation and leukotriene B4 production quickly attracts activated neutrophils and ultimately
leads to marked inflammatioma production of additional harmful reactive oxygen species. This
cascade of events leads to additional cell death, particularly within intestinal epitheliglrdglls.

The epithelium is responsible for maintaining a critical barrier between harmful lumicrabes

and systemic vasculature. Microbial and/or enterotoxin translocation across a compromised
epithelial barrier can develop into systemic inflammatory response syndrome, intestinal necrosis,
and remote organ failurgZ5] Ultimately, severe ischemiagperfusion injury progression results

in over 50% patient mortalityf74, 76, 77]To lessen the high mortality ratetestinal ischemia
animal models are critical to better understand the pathophysiology of ischemic injury, identify
factors driving epithelial repair, and develop potential therape(@d<36, 78]

The process of ischemiaduced epithelial cell loss, as described in numerous animal
models, begins at the villus tip and progressively extends downeta@riptbase intestinal
epithelial stem cell (ISC) compartment with increasing durations of ischi8viaz382] In the
ISC compartmentiwo populations of ISCs exist: active, proliferating ISCs that are sensitive to
injury (alSCs) and quiescent, reserve ISCs that are injury resistant (rISCs). These two populations

were first described using murine modq&3, 84] Accepted markers for the alSC population
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include leucinerich repeatcontaining G proteitoupled receptor 5 (LGR5), olfactomedin
(OLFM4), and achaete scdlige 2 (ASCL2).[85-87] The rISC is often identified by B cell
specific Moloney murine leukemia virus intedoat site 1 (BMI1), homeodomain only protein X
(HOPX), tolemerase reverse transcriptase (TERT), or leucine rich repeats and immunoglobulin
like domains (LRIG)[27, 84, 88]

New evidence has shown overlap of gene expression betwesndbtve and reserve
markers. These findings suggest a degree of cellular plasticity and begs the question of if there are
truly discrete active and reserve stem cell populati@®.90] However, even in light of these
findings, slowlycycling ISCs with high expression of the reserve markers have been shown to be
more injury resistant. This injury resistant ISC population both replesigie alSC pool and
contributes to epithelial repair after other risochemia injury insults such as irradiation or
chemical damag¢90-94]

In the context of severe intestinal ischemia, the impact of injury on the ISC populations
wasonly recently described. Previously, small rodent models were unable to accurately represent
sevee human ischemic injury, likely due to differences in intestinal microvascular anatomy and
overall small intestinal siz§d] The recent introduction of a porcine surgical model of mesenteric
vascular occlusion finally made translational severe ischemic injury experiments p¢8siig.

With similar sized intestine and more similar microvascular anatomy as humans, pigs make for a
better model of intestinal ischem[, 95]Using the surgical porcine model of mesenteric vascular
occlusion, researchers identified that severe ischemic injury differentially impacts the two known
ISC populations: alSCs undergo apoptosis while rISCs are preserve@ éikdlpresponsible for
epithelial recovery after injuryf34] In this model, riISCs were identified vivo by HOPX.[84]

When ischemignjured tissue, initially enriched in HOPXISCs, was recoverad vivofor up to
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3 days post injury, increased signs of crigpte epithelial regeneration corresponded to eedse
in HOPX.[35]

In organ development, HOPX is an important transcription factor for anfsogierior
patterning[96] Once organogenesis is complete, HOPX remains present in a variety of cell types
including alveolar epithelial cellsalr follicle stem cells, ISCs, and immune cel#/] In cancer
literature, HOPX promoter methylation, which leads to decre&k@BX mRNA and protein
expression, was frequently found in lung, gastric, esophageal and colorectal cancer tumors. Using
colorectal cancer cell lines, forced exmies of HOPX suppressed cellular proliferation and
invasion. Furthermore, in a xenograft model where colon cancer cell lines were stably transfected
with HOPX and injected into nude mouse flanks, HOPX inhibited tumorigef@8j<99]

In the lung, HOPX is expressed by a subset of alveolaredipittype (AT) cells. In terms
of barrier function and regeneration, alveolar epithelial type cells serve many of the same functions
as the intestinal epithelium and ISC populations. A recent study in mice found that silencing HOPX
in the subset of HOPXAT cells resulted in activation of cellular proliferation in cultyg®] For
small intestinal rISCs until now, HOPX had served asetgea biomarker. To clarify the potential
role of HOPX as a switch to control ISC proliferation after severe ischemia, genetic modification
of the porcine ischemic injury model was necessary.

Whole animal, geneticallynodified porcine models have yet b used in intestinal
ischemiareperfusion studies. However, recent advances in genetic modification of porcine
intestinal crypt culture are a promising first step for more mechanistic studies. Culture techniques
for porcine enteroids, 3D organoids dedv&om intestinal stem cells that recapitulate the
intestinal epithelium, have been well descrig@®, 25, 40]Using lentivirus, Khalil et al. group

was the first to genetically modify uninjured porcine intestinal cryptsy¢ate GFP expressing
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enteroids[100] To better understand epithelial recovery after ischemic injury and the specific role
of HOPX function in epithelial crypt cells, Stewart et al. utilized adenovirus mediated transduction
of short hairpin RNA to sinceHOPXwithin ischemic injured crypt epithelium and showed that
inhibiting HOPX increases cellular proliferation in resultant enter¢ais.

Future work in the translational porcine model of severe intestinal ischemia is warranted
to decipher the potential mechanisms controlling the changes in HOPX expression such as
chromatin remodeling or microRNAs, as Wweds the cellular proliferation mechanisms
downstream of HOPX93, 101]Additionally, HOPX injury resistant ISCs may not be the sole
players in regeneration from severe ischemic injury. Other intestinal damage models have shown
that differentiated efhelial cells have remarkable flexibility and candifferentiate to acquire
stem cell characteristics. These cell types include Paneth cells, tuft cells, enteroendocrine cells,
and progenitor cell§93, 102]Various signaling pathways such as WMT/ASCL2, Hippo/YAP,
Notch, and stem cell factorKit promotethis cellular plasticity, dedifferentiation, and rep§3]

Even cytokine signals from intestinal immune cell populations have been shown to promote the
epithelial regeneration process in both homeostasis antcloemic injury repaif103-105]Use

of the translational porcine model has identified a piece of the mechanistic puzzle controlling
epithelial repair after ischemic injury, in part through novel advancement in porcine enteroid gene
editing. Further work in gene edited porcine models is neededigrstand the full extent of these
cellular repair mechanisms in clinically relevant intestinal ischemic injury.

Future Directions: Development of Transgenic Porcine ISC Reporter Models

To improve studies of the cellular mechanisms involved in cancevanlus types of
intestinal injury such as ischemia reperfusion, transgenic reporter porcine models are warranted

for in vivo andin vitro cell tracking of intestinal cell populations. Intestinal epithelial stem cell
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reporter pigs are of particular interest as ISCs play critical roles in both the generation of colorectal
cancer and in epithelial barrier regeneration during homeostasis ssaasefil 06-108] With the
development of high efficiency genome editing tools, one group generated a novel porcine cell
reporter model via CRISRRas9 insertion of fused histone 2B (H2B) to green fluorescent protein
(GFP) under theACTB locus. [109] With successful ubiquitous nuclear expression of GFP
demonstrated within tise pigs, the same group went on to insert the-BEB sequence under
control of leucinerich repeatcontaining G protektoupled receptor . GR5) a known biomarker
expressed by ISCs (LGR%2B-GFP).[52, 83]Histologic sections of colon demonstrated nuclear
GFP in the crypt base cell populations in this novel model.

To truly utilize this translational model and isolate ISCs for mechanistic studies in intestinal
disease, further work is necessary to conchhdé these GFP expressing cells are in fact LGR5
ISCs. With this information, researchers would then have access to the first ever large animal ISC
reporter model. Such a translational model would be grbueaking for intestinal disease models
such agntestinal barrier function/repair and colorectal cancer (CRC). Numerous studies have
implicated the role of LGR5cancer stem cells (CSCs) in CRC development by deléjpagn
murine LGR5+ ISCs[107, 110, 111]These mutations led to adenoma development that
maintained a stem cell/progenitor cell hierarchy, supporting the idea of (18TlMore recently,
the presence of LGR5+ CSCs was found to be closely related to drug resistance, and tumor
recurrence and metastasis specifically in human sanjp@.111]The availability of a LGR5+
stem cell reporter large animal model, which could be further gene edited to induce the specific
gene mutations associated with CRC tumorogenesis, would aid in the improved understanding of

tumorigenesis and production of effiee CSGtargeted treatments.
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Future Directions: Transgenic Porcine Models of Inflammatory Bowel Disease

Inflammatory Bowel Disease (IBD) is a multifactorial disease that is typically categorized
as Crohnés Disease (CD) o syndridrhes are ahtrracterized @y | i t i
inflammation of the intestinal mucosa, influx of immune cells, and dysregulated cytokine
production. Subsequently, patients suffer from episodes of abdominal pain, diarrhea, bloody
stools, and weight losgl12] Historically, gene edited rodent models have hessd to determine
underlying etiologies and test therapeutic targ&fs3] Murine models of IBD include knoetuts
of cytokines such as H10, TGFb , -2lahd IL-:23. Loss of these cytokines disrupts regulation of
inflammation in the intestine, leading to intestinal lesions similar to those seen IfiLIBEL17]
Mice have also been engineered to over express signals suck/aw IBTAT4 to upregulate
immune cell activity and induce IBD118, 119] However, given the immunological differences
known between man and mou$g, 7] alternative models that better emulate human immune
physiology are eeded to test surgical interventions and pharmaceutical therapeutics. A host of
factors have been identified to contribute to IBD including gut microbiota, environmental factors,
and abnormal innate and adaptive immune resporjd®] Pigs, with similar intestinal
microbiota, immunology, ahanatomy to humans, are the clear choice for IBD mof&I6, 16
16] Chemicalinduction of IBD by dextran sulfate sodium (DSS) or trinitratmresulfonic acid
(TNBS) has been shown to reproduce intestinal lesions in the pig similar to those found in UC and
CD, respectively[120-124] These models have been used to test advanced endoscopic techniques
to correct strictures and supplemental amino acid therapy. To study IBD on a more mechanistic
level within a translationally relevant large animal model, transgenic induced IBD porcieésmod
parallel to the IBD murine models, are needed to mimic the specific immune cell dysregulations

seen with IBD.
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CONCLUSIONS

The need for large animal models, particularly porcine, to improveliieal intestinal
disease translational research igl\weown. As described in this review, innovative applications
of geneedited porcine models of Cystic Fibrosis, colorectal cancer, and ischepeidusion
injury have progressed both the mechanistic understanding of disease pathophysiology as well as
led to novel therapeutic treatment development. With continued improvement cediing
systems such as CRISPR/Cas, additional porcine models to track intestinal stem cells or simulate
disorders such as Inflammatory Bowel Disease can be made availablether fprogress

translational intestinal disease research.
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CHAPTER 2

HOPX+ INJURY -RESISTANT INTESTINAL STEM CELLS
DRIVE EPITHELIAL RECOVERY AFTER SEVERE
INTESTINAL ISCHEMIA

This article was published in the Americiwurnal of Physiology: Gastrointestinal and Liver
Physiology on November*12021.
Original citation:10.1152/ajpgi.00165.2021

PMCID: PMC8616590
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Abstract

Intestinal ischemia is a life-threatening emergency with mortality rates of 50%-80% due to epithelial cell death and resultant bar-
rier loss. Loss of the epithelial barrier occurs in conditions including intestinal volvulus and neonatal necrotizing enterocolitis.
Survival depends on effective epithelial repair; crypt-based intestinal epithelial stem cells (ISCs) are the source of epithelial
renewal in homeostasis and after injury. Two ISC populations have been described: 1) active ISC [alSC; highly proliferative; leu-
cine-rich-repeat-containing G protein-coupled receptor 5 (LGR5 *)-positive or sex-determining region Y-box 9 -antigen Ki67-posi-
tive (SOX9'Ki67™)] and 2) reserve ISC [rISC; less proliferative; homeodomain-only protein X positive (HOPX™)). The
contributions of these ISCs have been evaluated both in vivo and in vitro using a porcine model of mesenteric vascular occlu-
sion to understand mechanisms that modulate ISC recovery responses following ischemic injury. In our previously published
work, we observed that rISC conversion to an activated state was associated with decreased HOPX expression during in vitro
recovery. In the present study, we wanted to evaluate the direct role of HOPX on cellular proliferation during recovery after
injury. Our data demonstrated that during early in vivo recovery, injury-resistant HOPX ™ cells maintain quiescence. Subsequent
early regeneration within the intestinal crypt occurs around 2 days after injury, a period in which HOPX expression decreased.
When HOPX was silenced in vitro, cellular proliferation of injured cells was promoted during recovery. This suggests that HOPX
may serve a functional role in ISC-mediated regeneration after injury and could be a target to control ISC proliferation.

NEW & NOTEWORTHY This paper supports that rISCs are resistant to ischemic injury and likely an important source of cellular
renewal following near-complete epithelial loss. Furthermore, we have evidence that HOPX controls ISC activity state and may
be a critical signaling pathway during ISC-mediated repair. Finally, we use multiple novel methods to evaluate ISCs in a transla-
tionally relevant large animal model of severe intestinal injury and provide evidence for the potential role of rISCs as therapeutic
targets.

epithelial repair; HOPX; ischemia; large animal models; stem cell

INTRODUCTION

Intestinal ischemia is a life-threatening condition with
mortality rates of >50% due to difficulties in early diagnosis,
leading to delays in treatment and ultimate intestinal epithe-
lial loss that results in sepsis and remote organ failure (1-4).
The intestinal epithelium, made up of a single layer of cells,
serves as a barrier to selectively allow for absorption of
nutrients while playing a key role in the defense against intra-
luminal toxins and pathogens (5). Disruption of this barrier
occurs during both intestinal ischemia and subsequent tissue
reperfusion injury (6). As acute intestinal ischemia is rarely
preventable, research efforts must be focused on the develop-
ment of new therapeutics targeting the postischemic period
(7) and more importantly, repair of the damaged mucosa and
epithelial barrier. Intestinal epithelial stem cells (ISCs) are re-
sponsible for epithelial cell renewal during both homeostasis
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and after injury. Therefore, ISCs serve as a promising target to
improve healing after intestinal injury (8-11).

Published literature supports two pools of intestinal crypt-
based ISCs during homeostasis: 1) an actively cycling popula-
tion (aISC), identified by leucine-rich repeat-containing G pro-
tein-coupled receptor 5 (LGRS) gene expression (12) or sex-
determining region Y-box 9 and antigen Ki67 (SOX9 *Ki67 ")
protein coexpression (13) that are responsible for self-renewal
and daily cellular turnover (13, 14) and 2) a quiescent, slow cy-
cling population (rISCs) that express HOPX (homeodomain-
only protein homeobox), BMI1 (B-cell-specific moloney mu-
rine leukemia virus integration site-1), or TERT (telomerase
reverse transcriptase) that can become activated after intesti-
nal injury (15-18). The ISC compartment has been shown, in
mouse models, to respond and to regenerate the intestinal ep-
ithelium following a variety of injuries including ionizing
radiation, chemotherapeutics, and intestinal resection (19—

Check for
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22). More recent studies have highlighted plasticity within the
crypt compartment and the ability of absorptive and secretory
progenitor cells to revert to a stem-like state and also contrib-
ute to repair (23-26). At this time, the porcine models required
to investigate crypt plasticity remain unavailable; however, as
both progenitor cells and aISCs are lost following prolonged
ischemic injury, it is likely that crypt regeneration depends on
remaining rISCs (19). Despite this near complete epithelial
loss after severe ischemia, we have previously shown that the
small intestinal crypt compartment can regenerate in vivo by
3 days postinjury (DPI). In addition, HOPX * ISCs are injury
resistant and the likely source of new epithelium (13). Our in
vitro recovery of crypt epithelium postischemic injury, which
included the HOPX ™" ISCs, further showed that resultant
spheroids initially had increased HOPX gene expression and
diminished growth when compared with uninjured cells (13).
Subsequent increases in spheroid area corresponded to
decreases in HOPX expression, suggesting that HOPX may
serve as a functional, molecular switch to control proliferation
of recovering ISCs.

HOPX, the smallest homeodomain protein, has been iden-
tified as a critical transcription factor in a variety of tissues
(27). Direct modulation of HOPX expression has been shown
to influence cellular proliferation and differentiation in sev-
eral cell types including trophoblasts, keratinocytes, T cells,
lung alveolar cells, and myocytes (28-32). In addition, HOPX
has been labeled a tumor suppressor gene in multiple forms
of cancer including both gastric and esophageal (33-35). In
colorectal cancer, decreased HOPX expression has also been
associated with increased cellular proliferation (36). These
works highlight the influence of HOPX expression on cellular
proliferation within numerous cell types. To date, HOPX has
been frequently used as a rISC biomarker; however, its
mechanistic role within these cells, particularly after severe
ischemic injury, has yet to be evaluated.

In the present study, we utilized an established model of
porcine mesenteric vascular occlusion (13, 37, 38) to evaluate
epithelial recovery both in vivo and in vitro immediately fol-
lowing prolonged ischemic injury to both define how ISCs
contribute to barrier repair and to understand ISC mecha-
nisms that modulate the recovery response. Based on our
previous work, we hypothesized that HOPX ™ ISCs contrib-
ute actively to the repair process and that peak activation of
these cells occurs within 2 days after injury. In addition, we
wanted to evaluate whether HOPX expression levels played a
direct role on cellular proliferation during recovery after
injury; we hypothesized that HOPX silencing would result in
increased enteroid growth and cellular proliferation. Our
results supported our hypothesis that peak ISC activation
occurs by 2 days after injury and further demonstrated that
HOPX silencing led to increased cellular proliferation during
recovery after ischemic injury. This suggests that HOPX may
serve a more functional role in regeneration after injury and
may be a potential target to control proliferation.

MATERIALS AND METHODS

Experimental Animals

All animal studies were approved by the Institutional
Animal Care and Use Committee (IACUC) of North Carolina

AJP-Gastrointest Liver Physiol « doi:10.152/ajpgi.00165.2021 » www.ajpgi.org

State University. Yorkshire crossbred pigs (8- to 10-wk old) of
either sex weighing between 15 and 25 kg were used.

Recombinant Adenovirus Construction and Generation

Adenoviral vectors engineered to coexpress a short hair-
pin RNA (shRNA) and enhanced green fluorescent protein
(eGFP) reporter were created using gBlock Gene Fragments
(IDT, Inc.) and the recently described Gateway-based
(Invitrogen, Inc) pMVP system (39). In brief, gBlocks (IDT,
Inc.) containing the human H1 RNA promoter, and one of
two shRNA sequences (porcine HOPX-specific GGTCAT-
TCCGATTCATAAA; NM_213792.2) or a scrambled control
(Sc) sequence GCCTTACGACCAGTCGTATT), flanked by 5°
and 3’ attLl and attRS5 sequences, and plasmids containing
the cytomegalovirus (CMV) promoter (attL5-CMV-attL4
plasmid IH401), the eGFP open reading frame (attR4-eGFP-
attR3 plasmid 10001), and the human growth hormone poly-
adenylation signal (attL3-hGH-attL2 plasmid HB901) were
recombined into the Gateway adenoviral acceptor plasmid
pAd-PL-DEST, according to the manufacturer’s instructions
(Invitrogen, Inc.). The Gateway recombination reactions
were transformed into Escherichia coli stbl3 cells (Gibco) and
grown overnight at 37°C on LBcarb plates. Colonies were
screened in a QuantStudio6 real-time PCR machine (ABIL,
Inc) using SYBR green primers specific for the H1 RNA pro-
moter (oligos TB1025/TB1026), CMV promoter (TB1507/
TB1508), eGFP (TB916/TB917), and Ad5 hexon (TB10145/
TB1046). Positive clones were grown in 5 mL of LBcarb for 15
h at 37°C, 225 rpm. Clones were then sequenced with CMV
forward oligo TB1013 (GeneWiz). To produce recombinant,
replication-deficient adenoviruses, the recombinant adeno-
virus genomes containing either HOPX- or Sc-shRNA
sequences were transfected into HEK293 cells (Invitrogen)
for adenovirus generation and propagation (Ad-siHOPX and
Ad-Sc). Cells were collected just before lysis in a small vol-
ume of media, pelleted, and lysed for an approximate viral ti-
ter of 10'° pfu/mL for both Ad-siHOPX and Ad-Sc.

Operative Technique and Tissue Collection

Before surgery, pigs were fasted for 16-18 h. General an-
esthesia was induced using xylazine (1.5 mg/kg im) and ke-
tamine (11-20 mg/kg im). Orotracheal intubation was
performed, and pigs were maintained under general anes-
thesia with isoflurane (2%-5%) vaporized in 100% O, until
recovery. Before induction of intestinal ischemia, pigs
were placed on heating pads and their temperature moni-
tored. Lactated Ringer solution was administered intrave-
nously through the auricular vein at a maintenance rate of 15
mL/kg/h. Anesthetic monitoring included pulse oximetry,
electrocardiography, and indirect blood pressure measure-
ments. Pigs were placed in dorsal recumbency and the abdo-
men was accessed through a 12-cm ventral midline incision
centered at the umbilicus. The jejunum was identified 40 cm
oral to the ileocecal junction. In terminal surgeries of ische-
mia without recovery, 10-cm-long loops of jejunum were
delineated by circumferentially ligating the bowel with
suture. Mesenteric vasculature to the loop was occluded by
suture ligation for 3 and 4 h, and animals were subsequently
euthanized. In animals recovered after ischemia, intestinal
loops were atraumatically delineated using longitudinal
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doyen intestinal forceps. The local mesenteric vasculature
was clamped using Hopkin’s bulldog clamps for 3 and 4 h
after which time the clamps were removed. An additional
segment was identified at the start of surgery to serve as an
internal normal control. To decrease adhesion formation
in recovery animals, carboxymethylcellulose (CMC) was
instilled into the abdomen after clamp placement and
again before closure (40, 41). After clamp removal was
completed, an abdominal lavage was performed using
sterile saline. The abdomen was then closed in three layers
and animals were recovered for 1 (18-20 h), 2 (40-44 h), or
3 (66-70 h) days after injury (DPI). Postoperatively, pigs
were maintained on a soft, canned food diet (Hills Pet
Nutrition, Topeka, KS) and were administered intramus-
cular buprenorphine (0.02-0.05 mg/kg) every 8-12 h as
needed for pain. Before being euthanized, animals were
reanesthetized using xylazine and ketamine. After animals
were euthanized with pentobarbital (85-100 mg/kg iv), in-
testinal tissue was immediately collected. Tissues were
rinsed with 1X phosphate-buffered saline (PBS) and either
opened longitudinally along the antimesenteric boarder
for histomorphology or sectioned into smaller pieces for
epithelial crypt dissociation and enteroid culture.

Tissue Histomorphometric Evaluation

For histomorphological analysis, tissue was fixed in
10% neutral buffered formalin, embedded in paraffin,
and sectioned (~5-8 um thickness). Slides were stained
with hematoxylin and eosin to visualize tissue architec-
ture. A small subset of slides at each time point after
injury were examined unblinded by a boarded patholo-
gist (JL) to define each time point of recovery and create
an objective scoring system. The different categories and
criteria for assessment are shown in Table 1. Slides were
then blinded and evaluated by the pathologist. Peracute
injury was defined by loss of surface epithelium and con-
tracted villi, but relatively normal crypts characterized by
well-differentiated epithelium with tall columnar cells,
presence of brush border, basal polarity, rare mitotic fig-
ures, and presence of goblet cell differentiation (Fig. 14).
Acute injury was defined by loss of surface epithelium in
>75% of the section, absent villi, and abnormal crypts
characterized by crypt dilation, loss of crypt epithelium
in >75% of the section with remaining cells vacuolated or
attenuated, and <10% of crypt epithelium showing signs
of early regeneration (Fig. 1A). Early regeneration was
defined by loss of surface epithelium in >60% of the sec-
tion, loss of villi, and early regenerative crypt epithelium
characterized by cytoplasmic basophilia, cuboidal to low
columnar epithelium, lack of basal polarity, ill-defined
brush border, and prominent mitoses. In early regenera-
tion, less than 10% of the crypt epithelium had character-
istics of differentiation (Fig. 1A). Late regeneration was
defined by an intact surface epithelium over 75% of the
section, blunted to absent villi, and >75% of crypts lined
by epithelium with characteristics of early to late differ-
entiation. Differentiation within the crypt epithelium
was characterized by crypt elongation, low to tall colum-
nar epithelial cells, presence of brush border, restoration
of basal polarity, and goblet cell differentiation (Fig. 1A).

Table 1. Criteria for histological scoring of intestinal biopsies after ischemic injury

Evidence Differentiation Crypt Epithelium

Evidence Regeneration Crypt Epithelium

Percentage of

Surface Epithelium Villi (Contracted/ Crypts Lined by Normal Crypts

Basophilic Cells Loss Polarity Cuboidal Mitoses Loss of Basophilia Basal Polarity Tall Columnar

Epithelial Cells

Epithelium

(%c
90%-100%
<25%
<25%
<40%
>25%

Classification
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Yes
Yes
No

95%-100%

>75%
<25%

Normal

Normal

Contracted
Absent

Peracute
Acute

No

No

No

No

No

No

No

No/rare
Yes

No/rare

Yes

Prominent No/rare

Yes
Rare

Yes Yes

No

25%-80%

Absent

Early regeneration
Late regeneration

Yes

No/rare

No/rare

No/rare

No

Absent/blunted >75%
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Figure 1. Histomorphometric analysis of recovering small intestine after 3 h of ischemic injury demonstrates that early epithelial regeneration begins 2 DPI.
A:immediately after injury, there is significant surface epithelial loss and contraction of villi to their base (O DPI). By 1 DPI, the villi are absent and there is loss
of crypt epithelial cells. By 2 DPI, the crypts are lined by plump, cuboidal epithelial cells with prominent mitoses. Epithelial differentiation is seen by 3 DPI
with tall columnar cells lining crypts, basal polarity, and evidence of crypt elongation. Scale bar inset 20 pm. Scale bar panel 100 pm. B: stack graph defining
the histological categories of epithelial recovery and demonstrating that early regeneration occurs at 2 DPI; n = 3—6 pigs. DPI, days postinjury.

Fluorescent Multiplex Inmunohistochemistry with
Tyramide Signal Amplification

For immunofluorescence analysis, rinsed tissue was fixed in
4% paraformaldehyde (PFA) solution for 16-18 h at 4°C. The
tissue was transferred to 30% sucrose solution for at least 24 h
at 4°C, embedded in optimal cutting temperature (OCT)
media, then frozen and subsequently sectioned at 5-8 pum
thickness using a cryotome. Before being stained, sections
were washed with PBS to remove OCT. When necessary, heat-
induced epitope retrieval (HIER) was performed by placing
slides into reveal decloaker solution (Biocare Medical,
Concord, CA) for 30 s at 120°C and then 90°C for 10 s, in a pres-
sure cooker. Tissue permeabilization was performed with PBS-
0.3% Triton X-100. Antibodies were diluted in antibody dilu-
ent (SignalStain, Cell Signaling Technology, Danvers, MA),
applied to tissue and incubated for 1 h at room temperature in
a humidified chamber. Dilutions for functional antibodies
were as follows: afd-catenin (mouse, 1:200, Cell Signaling
Technology), «SOX9 (rabbit, 1:2,000, Chemicon/Millipore,
Temecula, CA), «Ki67 (mouse, 1:1,600, Dako, Santa Clara, CA),
and «HOPX (rabbit, 1:500, Santa Cruz Biotechnology, Santa
Cruz, CA). After incubation with the first antibody, slides were
washed in TBS-T and boosted with a HRP Signal Stain Boost
(host specific, rabbit or mouse) for 30 min. A specific fluoro-
phore-conjugated tyramide signal amplification color reagent
(Cyanine 3 for HOPX/SOX9, Fluorescein green (GFP) for Ki67,
Cyanine 5 for p-catenin; PerkinElmer) was then applied for 10
min. To utilize multiple antibodies raised in the same host,
slides were boiled in 10 mM sodium citrate buffer (SignalStain
Citrate Unmasking Solution, Cell Signaling Technology), held
at a subboiling temperature (95°) for 10 min and then cooled.
After this stripping procedure, a different primary antibody
and subsequent color reaction was applied. After all reactions,
slides were counterstained with bisBenzimide H 33258 nuclear
stain (1:1,000, Sigma-Aldrich, St. Louis, MO) and coverslipped
(Hydromount; National Diagnostics). Background staining
was negligible as determined by nonspecific IgG staining.

For each slide evaluated, well-oriented crypts were used to
obtain cell counts. A well-oriented crypt was identified as
one with a crypt base in close apposition to the muscularis
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mucosa and that extended and opened fully into the gut
lumen. At least 10 well-oriented crypts for each protein bio-
marker were imaged, positive cells per crypt counted, and
the results averaged for each time point (13, 20, 42).

Image Acquisition

Images were captured on an inverted fluorescence micro-
scope (Olympus 1X83, Tokyo, Japan) fitted with a mono-
chrome digital camera (ORCA-flash 4.0, Hamamatsu, Japan)
and color camera (DP26, Olympus). The objective lenses
used were x10, x20, and x40 with numerical apertures of
0.3, 0.45 and 0.6, respectively (LUC Plan FLN, Olympus).

Intestinal Epithelial Crypt Isolation, Adenovirus
Transduction, and Culture

The excised jejunum was washed in cold phosphate-buf-
fered saline solution (PBS) and opened longitudinally. Tissue
was cut into small 0.5-cm pieces and incubated for 30 min in
a 50-mL conical tube with PBS containing 30 mM ethylene-
diaminetetraacetic acid (EDTA), 10 mM Y-27632 (Selleck
Chemicals, Houston, TX), 1 mM DTT (Sigma-Aldrich), 1X anti-
biotic-antimycotic (Life Technologies Corporation, Carlsbad,
CA), and Primocin (InvivoGen, San Diego, CA). The conical
tube was shaken every 5-10 min and kept on ice. Tissue pieces
were transferred into a 37°C prewarmed PBS solution contain-
ing 30 mM EDTA and 10 mM Y-27632. The tissue was incu-
bated in this solution at 37°C for 10 min and shaken to help
mobilize the crypt/villi units. After this step, tissues were
placed in ice-cold PBS wash and shaken for 1-2 min. Tissue
was transferred into additional washes and shaken until crypt
units were seen with minimal background debris. After the
final washes, the remnant intestine was removed from the so-
lution. Crypts were aliquoted into RNAse-free microtubes for
viral transduction and culture.

Appropriate volumes of isolated crypts suspended in PBS
from control (uninjured) and 3-h ischemic-injured pigs were
separately pelleted by centrifugation (300 g for 5 min at 4°C)
to achieve 50 crypts per S0-uL. Matrigel (BD Bioscience, San
Jose, CA). Similar to the previously described “mix and seed”
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approach (43), crypt pellets were resuspended in the appro-
priate volume of ice-chilled Matrigel. Then either Ad-Sc or
Ad-siHOPX virus, diluted 1:10 in 1% bovine serum albumin
(BSA, Sigma-Aldrich) in PBS, was added to the suspended
crypts at 500 multiplicities of infection (MOI) with gentle
mixing. Matrigel containing crypts and virus was immedi-
ately plated on 24-well plates in 50-pL patties, allowed to set
for 30 min at 37°C, then overlayed with 250 pL of Advanced
DMEM/F12 containing the supplements 1X N-2 supplement
(Life Technologies Corporation, Carlsbad, CA), 1X B-27 sup-
plement minus vitamin A (Life Technologies Corporation),
1X Glutamax (Life Technologies Corporation), 100 mg/mL
penicillin-streptomycin, and 1 mM HEPES buffer (Life
Technologies Corporation). An additional 250 pL. of WRN
conditioned media [Wnt-3a (conditioned media, 50% final
volume), R-spondin 3 (conditioned medium, 50% final vol-
ume), Noggin (conditioned media, 50% final volume)] was
also added to each well. Conditioned media were produced
from L-WRN cells derived by transfecting L-Wnt3A (ATCC
CRL-2647) with an R-spondin 3 and noggin coexpressing vec-
tor. Stable clones were selected in medium containing G418
and Hygromycin B. Media were also supplemented with
growth factors [50 ng/mL recombinant human EGF (Life
Technologies Corporation), 10 mM nicotinamide (Sigma-
Aldrich), 10 nM gastrin (Sigma-Aldrich), 10 mM Y-27632, 10
mM SB202190 (Sigma-Aldrich), 500 nM LY2157299 (Selleck
Chemicals), and 2.5 uM glycogen synthase kinase 3 inhibitor
(GSK3i, CHIR99021)]. Control and 3-h ischemic-injured crypts
were also grown without virus and with 1% BSA to serve as
negative and vehicle controls, respectively. Growth factors
and fresh conditioned media were added 48 h after plating
and subsequent 48-h intervals. Successfully transduced re-
sultant spheroid/enteroids, conferred by GFP expression at
24 h in culture, were imaged daily out to 72 h for area meas-
urements. A MOI of 500 resulted in 100% of plated crypts
having at least one transduced cell (GFP*, data not shown).

Epithelial Single-Cell Isolation

To isolate epithelial cells (EpCAM*) and ensure collection
of ISCs from tissue recovering 1-2 DPI, the entire mucosa was
fully dissociated into a single-cell suspension for fluores-
cence-activated cell sorting (FACS) (44). Full-thickness sec-
tions from control and 3-h ischemic-injured jejunum with in
vivo recovery were excised and cut into 2-cm square pieces.
Each piece was washed in cold 1X Hank’s balanced salt solu-
tion wash (HBSS without Ca and Mg, Gibco; 10 mM HEPES;
and 0.47% sodium bicarbonate, Corning). For each piece, the
serosa was dissected and the remaining mucosa minced,
placed in predigest buffer (HBSS wash, 5 mM EDTA, 1.25%
BSA, 1 mM DTT, and 10 mM Y-27632), and incubated for 10
min at 37°C, 250 rpm. Tissue pieces were filtered using a 110-
um mesh filter and the cellular filtrate collected. Tissue pieces
were then rinsed in HBSS wash with 1.25% BSA, transferred to
a gentleMACS C Tube (Miltenyi Biotec) with 0.78 WU Liberase
TM (Millipore Sigma), 250 pg DNase (Roche), 3.6 U Dispase
(Gibco), and R1.25 (RPMI 1640 + L-glutamine media (Gibco)
with 1.25% BSA), and then incubated for 30 min, 37°C, 225
rpm for enzymatic digestion. Then, the C Tube containing tis-
sue was mounted on a gentleMACs dissociator (Miltenyi
Biotec) and preset program m_intestine_01 run for further
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mechanical dissociation. Resultant dissociated single cells
were combined with collected cells from predigest A step, fil-
tered, and red blood cells lysed by 1X RBC Lysis Buffer
(Invitrogen). Single cells were suspended in flow buffer (PBS
with 2% fetal bovine serum and 2 mM EDTA) and counted by
trypan blue (Gibco) exclusion in a hemocytometer. Single
cells were then incubated with «-CD 326 (EpCAM) (Biolegend,
Cat. No. 118211, Alexa Fluor-647 conjugated; 1:200 per 10° cells
in 100 L flow buffer) for 15 min on ice. After being washed,
cells were incubated with 7AAD live/dead stain (Novus) and
FACS sorted on a Beckman Coulter MoFlo XDP for EpCAM *
live single cells (45-47). EpPCAM ™ single cells were collected
in culture media for three-dimensional (3-D) culture.
Approximately 15,000 cells per 50 puL. Matrigel were plated on
24-well plates and overlaid with WRN conditioned media, as
earlier described. Resultant spheroid/enteroids were imaged
and counted daily out to 168 h for area measurements, plating
efficiency, and ISC expansion potential (bud count) (48).

Spheroid/Enteroid Area Measurement

Spheroid/enteroid area measurement was obtained after
image acquisition using the Freehand Polygon Selection
Tool and Measurement Function (NIH Imagel). Ten to
twenty spheroids/enteroids per time point per animal were
measured and averaged.

Spheroid/Enteroid Isolation, RNA Extraction, and cDNA
Conversion

Adenovirus-transduced spheroids/enteroids were isolated
from Matrigel using Corning Cell Recovery Solution (REF
354253), as per manufacturer’s instructions at 24, 48, and 72 h
postplating. Spheroids/enteroids were pelleted and snap fro-
zen in liquid nitrogen and stored at —80°C. RNA was extracted
using the Ambion PureLink RNA Mini Kit (Thermo Fisher
Scientific). Yield and quality control of the extracts were deter-
mined by an Agilent 2100 BioAnalyzer performed by the North
Carolina State University Genomic Sciences Laboratory Core
using Agilent Eukaryote Total Pico Series II chips (Agilent
Technologies, Santa Clara, CA). RNA was used if integrity score
was >6 and RNA concentration >100 pg/uL. RNA (1 pg) was
converted to ¢cDNA using the iScript cDNA synthesis kit (Bio-
Rad). Expression of HOPX was determined by quantitative
real-time PCR (QuantStudio 6 Flex; Applied Biosystems) on
cDNA samples using iTaq Universal SYBR green Supermix
(Bio-Rad). The AAC,; method was used to measure relative
changes in gene expression. Samples were tested in triplicate.

Primer Sequences

Primer sequences are presented in Table 2. Additional pri-
mers, including HOPX, (GGAGGAGACCCAGAAATGGTT and
TCTTGGTGGAAGGAAGCAGC) have been previously pub-
lished (13).

Spheroid/Enteroid Whole Mount Immunofluorescence

Before fixation, spheroids were incubated with 5-ethynyl-
2'-deoxyuridine (EAU Click-iT, Thermo Fisher Scientific) for
1 h before being fixated with 4% PFA. Briefly, spheroids were
fixed in 4% PFA at room temperature for 30 min, washed in
PBS, and incubated with 0.1% Triton X-100 at room tempera-
ture for 30 min to permeabilize. Cells were then incubated in
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